Recent biochemical and crystallographic results suggest that a type II DNA topoisomerase acts as an ATP-modulated clamp with two sets ofjaws at opposite ends: a DNA-bound enzyme can admit a second DNA through one set of jaws; upon binding ATP, this enzyme. This DNA segment has been termed the gate segment or "G-segment" (14). Catenane formation was observed only when the second ring was added before the closure of the clamp mediated by AMPPNP binding, and thus the DNA segment being transported, which has been termed the "Tsegment," appears to enter the interior of the enzyme through the N-gate. Presumably, when ATP binding triggers the closure of the N-gate, the T-segment is driven through the DNA gate in the G-segment (14) .
Type II DNA topoisomerases catalyze the ATP-dependent transport of one DNA double helix through another (1-3). All type II enzymes are structurally and evolutionarily related (4) (5) (6) (7) (8) (9) (10) , and they participate in a number of cellular processes including chromosomal condensation and segregation (11) . The enzymes are dimeric, and each half is composed of one, two, or three polypeptides, depending on the source of the enzyme. In the absence of nucleotides, the two halves contact each other primarily in a region located within the A subunit of bacterial gyrase or the gene 52 protein of the phage enzymes; in the case of the single subunit eukaryotic DNA topoisomerase II, this region is present near the C-terminal part of the polypeptide. ATP and its analogs can bind to a free or DNA-bound enzyme and induce the formation of additional contacts between the two halves. In solution, the binding of the f3,y-imido analog of ATP [adenosine 5'-[3, y-imido]triphosphate (AMPPNP)] promotes dimerization of the N-terminal half of bacterial gyrase B subunit containing the ATPase site (12) . The crystal structure of the same GyrB fragment with one bound AMPPNP per polypeptide also shows a dimer that is held together by a 14-residue N-terminal arm of one protomer and the core domain of the other protomer (13) . Binding of AMPPNP or the y-thio analog adenosine 5'-[y-thio]triphosphate to yeast DNA topoisomerase II was shown to convert it from a form that can bind DNA of any topological form to one that binds only linear DNA (14) . These results led to a model in which the enzyme acts as an ATP-modulated clamp: in the absence of ATP the two halves of the clamp are held together by dimer contacts near the C terminus of each polypeptide, and ATP binding leads to dimerization of the N-terminal domains to close the N-terminal entrance or the "N-gate" of the protein (14) . In this model, the enzyme assumes an annular shape in its ATP-bound form, with a hole large enough to thread a linear DNA but not a double-stranded DNA loop through it. Catenation experiments between two sequentially added DNA rings, under processive conditions such that a second DNA ring could not displace a DNA ring already bound to the enzyme, showed that the first DNA bound was the one bearing the DNA gate-that is, the site of transient breakage by the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
enzyme. This DNA segment has been termed the gate segment or "G-segment" (14) . Catenane formation was observed only when the second ring was added before the closure of the clamp mediated by AMPPNP binding, and thus the DNA segment being transported, which has been termed the "Tsegment," appears to enter the interior of the enzyme through the N-gate. Presumably, when ATP binding triggers the closure of the N-gate, the T-segment is driven through the DNA gate in the G-segment (14) .
How does the T-segment exit the enzyme after its entrance through the N-gate and passage through the G-segment? Two types of models were proposed. In the "two-gate model," the T-segment leaves the enzyme through a second gate on the opposite side of the entrance gate (15, 16) . In the "one-gate model," the T-segment is kept in the interior of the enzyme after crossing the G-segment and is expelled from the enzyme when the N-gate reopens after ATP hydrolysis (17) . The one-gate mechanism side steps the seemingly difficult feat of keeping the two halves of the enzyme from coming apart while passing a DNA through the entire dimer interface of the protein. It (18, 19) . Furthermore, in such a single-step decatenation, the DNA ring containing the G-segment remained associated with the enzyme in its closed-clamp conformation, but the DNA ring containing the T-segment was found to be free in solution (18) . Because the N-gate does not reopen after its closure by AMPPNP binding, the failure to find the transported DNA ring inside the closed enzyme clamp argues in favor of the two-gate model: that is, the DNA ring containing the T-segment, after its transport through the G-segment, exits the enzyme through the dimer interface in the C-terminal portion of the enzyme (18) . This dimer interface will be referred to as the putative "C-gate" of the enzyme.
The experiments described above do not rule out, however, a scheme in which the T-segment enters and leaves the enzyme through the N-gate before the complete closure of this gate by AMPPNP binding. The recent determination of the threedimensional crystal structure of a 92-kDa fragment of yeast DNA topoisomerase II (20) (25) of the crystal structure of the 92-kDa yeast DNA topoisomerase II fragment containing amino acid residues (20) . The orange and purple sections of one protomer correspond to the C-terminal half of the B subunit and the N-terminal two-thirds of the A subunit of bacterial DNA gyrase, respectively; the corresponding sections in the other protomer are yellow and blue, respectively. (Lower) The portion of the structure containing the putative C-gate is enlarged. Lys-1127 and Asn-1043 are represented by stick-and-ball models. For clarity, a prime is used to designate residues in the left protomer. The arrows indicate the N-to C-terminal directions of the pair of antiparallel a-helices that extend from the core structure of each protomer to the dimer interface.
case of the N1043C-K1127C protein, in which the designated Asn and Lys were replaced by Cys; SDS/polyacrylamide gel electrophoresis of extracts of cells overexpressing the protein showed that its mobility was much reduced upon incubation of the freshly prepared extracts with oxidized glutathione. The N1043C-K1127C mutant was, therefore, selected for purification of milligram quantities of the enzyme by phosphocellulose and Q-Sepharose column chromatography (20) . As One-step decatenation by wild-type or Cys-substituted yeast DNA topoisomerase II and analysis of the reaction products by DNA retention on a glass-fiber filter were done as described (14, 18) . Isolation of individual DNA topoisomers and analysis of linking number changes of a topoisomer by wild-type or Cys-substituted enzyme were done as described (19) . (Fig. 2, lanes 3 and 4) . The large reduction in mobility is consistent with formation of two disulfide links; the molecular mass would double, and the presence of 83 residues in each chain between the pair of disulfide links would result in the formation of a 166-residue bubble in the denatured dimer, which would further reduce the gel electrophoretic mobility. Fig. 3 shows that both the crosslinked and uncrosslinked mutant enzyme cleave DNA efficiently in the presence of etoposide, a drug known to stabilize the DNA-protein covalent intermediate (26) . In each case, treatment of the cleavage products with SDS and proteinase K revealed the formation of a prominent linear DNA band when the molar ratio of enzyme to DNA was less than 1 (Fig. 3, lanes 2 and 4) omitted, the cleavage product of the uncrosslinked enzyme migrated faster than nicked circular DNA but slower than linear DNA, because of the presence of protein moieties at the ends of the linearized DNA (Fig. 3, lane 3) . However, the cleavage product of the crosslinked enzyme migrated more slowly than nicked circular DNA under the same condition (Fig. 3, lane 1 (Fig. 4 Upper). For the mutant enzyme with specific disulfide links, the activity was significantly lower than that of the wild-type enzyme (compare Fig. 4 Lower, lanes 2 and 4, and Upper, lanes 2 and 4). Treatment of the crosslinked mutant enzyme with 2-mercaptoethanol increased its activity to that of the wildtype enzyme (compare Fig. 4 (18, 19) . Upon AMPPNP binding, the input catenane was efficiently decatenated by the enzyme bound to the supercoiled member of the dimeric catenane, and the nicked DNA ring containing the T-segment (band N) was found in the protein-free fraction after its transport through the G-segment in the supercoiled DNA (Fig. 5, lanes 3 and 4) . 10 mM MgCl2, bovine serum albumin (100 ,tg/ml), approximately 50 fmol of the dimeric catenane, and 0 or 7 mM 2-mercaptoethanol (2-SHEtOH) as specified by the minus or plus sign, respectively, across the row labeled 2-SHEtOH, before AMPPNP. No enzyme was present in the sample analyzed in lanes 1 and 2, and approximately 50 fmol of the crosslinked N1043C-K1127C mutant enzyme was present in the other reaction mixtures. Single-step decatenation was initiated by the addition of AMPPNP to 2 mM. After 10 min at 30°C, NaCI was added to 1 M. Each sample was filtered through a glass-fiber filter as described (14, 18) . DNA samples recovered from the filtrate and the filter were analyzed in the left and right of each pair of adjacent lanes, respectively. Electrophoresis was in 0.8% agarose gel in 50 mM Tris-borate/1 mM EDTA, pH 8.3 , and the gel was autoradiographed after drying. Decatenation was evidenced by the appearence of nicked 3-kb DNA ring, the position of which is marked by N in the left margin. Unlabeled 3-kb supercoiled ring resulting from decatenation is invisible in the autoradiogram. For the sample analyzed in the rightmost pair of lanes, 2-mercaptoethanol was added to 7 mM after the addition of NaCI to 1 M.
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The result was strikingly different, however, when 2-mercaptoethanol was omitted during incubation of the enzyme-DNA mixture before the addition of AMPPNP. The nicked DNA ring, after its transport through the supercoiled DNA, was not released from the enzyme upon exposure to 1 M NaCI and was found in the filter-retained fraction (Fig. 5, lanes 5 and 6) . In control experiments with wild-type yeast DNA topoisomerase II, the unlinked nicked ring was always found in the proteinfree fraction whether 2-mercaptoethanol was present or absent during preincubation (data not shown). This experiment provides strong evidence that crosslinking the two enzyme halves across the C-terminal dimer interface prevents exit of the transported DNA.
Further confirmation of the two-gate mechanism was provided by the addition of 2-mercaptoethanol to reduce the disulfide links after the addition of AMPPNP and NaCI. The nicked monomeric DNA ring, which was found in the enzymebound fraction before (Fig. 5, lane 6) , appeared in the filtrate upon reduction of the disulfide links (Fig. 5, lanes 7 and 8) .
The When ATP instead of AMPPNP was added to the reaction mixture containing the crosslinked enzyme, the patterns of DNA topoisomers after incubating the mixture for 10 s, 1 min, or 5 min were nearly identical to those with AMPPNP (Fig. 6 Upper). This experiment shows that the C-terminally crosslinked mutant enzyme can efficiently promote a single DNA transport event when AMPPNP or ATP is added, but even in the presence of ATP, the enzyme can not turn over because the T-segment can not escape through the C-gate after its passage through the G-segment.
When 2-mercaptoethanol was added to the incubation mixture, however, the crosslinks were readily disrupted, and the enzyme was shown to catalyze multiple rounds of DNA transport: within 10 s, a fraction of the input negatively supercoiled topoisomer, corresponding in amount to the fraction that showed an Lk change of 2 in the absence of 2-mercaptoethanol, was completely relaxed (Fig. 6 Lower). These results also showed that under the experimental conditions employed, the enzyme acted processively. N and L, respectively) . Each of the five samples to the right of the markers contained about 1 nmol of a gel-purified 2-kb topoisomer in 50 pul of 50 mM Tris-HCl, pH 8/150 mM KCI/10 mM MgCl2/bovine serum albumin (100 ,jg/ml)/ approximately 0.5 nmol of the N1043C-K1127 mutant enzyme. No ATP or AMPPNP was added to the second lane sample, and 2 mM AMPPNP was added to the third lane sample. Samples run in the three rightmost lanes contained 1 mM ATP. After the addition of ATP, these samples were incubated for 10 s, 1 min, and 5 min, respectively, at 30°C and reactions were stopped by the addition of SDS to 1%. The other samples were incubated at 30°C for 5 min before the addition of SDS. Proteinase K was added to the samples to 100 ,tg/ml and the mixtures were incubated at 60°C for 30 min. A portion of each sample was loaded directly in a sample well of an agarose gel slab for analysis by two-dimensional electrophoresis. Samples analyzed in the lower gel were identical to those analyzed in the corresponding lanes in the upper gel except that the reaction buffer contained 7 mM 2-mercaptoethanol.
fraction of DNA molecules, corresponding to those with one or more bound enzyme molecules, was completely relaxed in less than 10 s, the linking number of the bulk of the DNA substrate remained unchanged after 5 min.
DISCUSSION
Based on the recently determined crystal structure of a 92-kDa fragment of yeast DNA topoisomerase II, we were able to design a mutant enzyme with two Cys substitutions such that a pair of disulfide crosslinks can be formed across the Cterminal dimer interface of the enzyme. The formation of these crosslinks is nearly quantitative in the absence of a sulfhydryl reagent and is readily reversed by the addition of 2-mercaptoethanol; these features have allowed us to dissect the steps after the transport of one DNA double helix through another.
The crosslinked enzyme can efficiently bind and cleave a G-segment in a supercoiled DNA (Fig. 3) . As the C-gate is locked in the crosslinked enzyme, the G-segment must have entered the enzyme through the N-gate. The one-step decatenation experiments clearly show that after the AMPPNPdriven closure of the N-gate, the unlinked DNA ring containing the T-segment is trapped in the crosslinked enzyme. This trapped ring can be released from the enzyme, however, by subsequent reduction of the disulfide links. In combination, these results demonstrate that the T-segment also enters the enzyme through the N-gate; it is then passed through the transiently severed G-segment to enter the large central hole in the enzyme and is finally expelled from the enzyme through the C-gate. Relaxation of a negatively supercoiled DNA topoisomer has also demonstrated that under processive conditions, the addition of ATP can efficiently promote a single DNA transport event by an enzyme with a locked C-gate, but it does not lead to multiple rounds of reaction.
The formation of disulfide crosslinks in proteins has been extensively used in studying macromolecular structures (for examples, see refs. [29] [30] [31] [32] [33] [34] . The results presented in this work illustrate the power of combining three-dimensional structural information with biochemical approaches in mechanistical studies and establish the two-gate mechanism of DNA transport by a type II DNA topoisomerase.
